Next generation space exploration missions will require extremely versatile vehicles that should be able to safely carry both cargo and crew to LEO and beyond LEO destinations and back to Earth. The re-entry phase is very important for the success of such missions and becomes critical in the case of high speed (high energy) entries, which arise in Lunar and Mars missions. Moreover, modern requirements call for flexibility for long ranges, and in case of a low L/D vehicle a controlled skip would be necessary to obtain such requirements. This article presents the development of a fully integrated guidance and control (G&C) system as part of a complete robust GNC system for high-speed entry. An Apollo derived guidance method and a QFT designed attitude control system have been implemented to guide a conical capsule in the context of a long range skip entry from a Lunar return mission. The system has been extensively tested, with 6 degrees-of-freedom simulations performed on re-entry scenarios developed using a high-fidelity functional engineering simulator. The vehicle is steered to the desired landing site and successfully controlled during the most critical phases of the trajectory, being pull out, exit of the atmosphere to perform the commanded skip, and the final entry with reduced velocity. The G&C scheme has proved robust against realistic modeling of dispersions and uncertainties throughout the re-entry. 
Agency Roskosmos to design a new vehicle for autonomous space access and long-term space exploration. In this context the main idea for both agencies is to have a cost-saving, reliable, and extremely versatile vehicle that will initially assure space access in the post-Shuttle era and consequently allow space exploration missions with relatively minor adaptation.
NASA solution 1 is an Apollo-derived capsule, born as Crew Experimental Vehicle (CEV), subsequently named
Orion, able to ship four to six crew members to the ISS and to the Moon. Within this context, the modern requirement of allowing anytime return from the Moon to a pre-determined landing site forces the re-entry trajectory design process to cope with the need of performing very long entries 3 , with possible target downranges larger than 10000 km. Given the relatively low aerodynamic efficiency of a capsule, CSTS conclusions assessed that it is not possible to fly such large distances with a direct entry 2 , and the only feasible strategy is to perform after a first passage into the atmosphere a controlled skip out in order to extend the flyable range. The high trajectory sensitivity during the high-speed phase of the entry makes the GNC to be an evermore critical function. While the original Apollo Entry Guidance 4 (AEG) was designed taking into account the possibility of a skip, this feature has never been used, as the maximum range flown by an Apollo capsule has been around 2600 km 5 . Only in one occasion due to predicted bad weather at landing point the target was moved of a further 800 km downrange, but the decision was made early and the change was accomplished by a propulsive maneuver during the transearth coast. Moreover a recent study 6 demonstrated that the original Apollo guidance wouldn't be applicable to long-range entries, because the hypothesis made to manage the skip out segment of the trajectory would lead to final errors up to 500 km.
The solution currently investigated and selected as the baseline guidance method for the Orion vehicle is called predGuide 6 , and has been developed adding to the original AEG a predictor-corrector functionality to guide the vehicle trough the exit and the exo-atmospheric phase of entry. In the work presented herein, a similar guidance system for the considered entry vehicle has been implemented. Moreover, the guidance system has been coupled to an attitude control system developed using quantitative feedback theory (QFT), and based on an nonlinear dynamic inversion (NDI) control architecture, to provide robust tracking of the guidance commands despite the large uncertainty levels and variation in the vehicle behaviour during re-entry.
The paper is outlined as follows:
• In Section II the reference scenario is presented, in terms of reference vehicle properties and nominal entry trajectory.
• In section III the entry guidance method is briefly described, along with the control scheme. System functionalities are presented to permit understanding of the logic of the algorithm.
• In Section IV the Functional Engineering Simulator (FES) used for the high-fidelity simulations is described, and the hypotheses assumed to perform the validation campaign are presented.
• The results from the performance assessment of the full entry G&C system performed through a Monte
Carlo campaign are presented in Section V. The most important figures of merit are the final dispersion at parachute deployment and the constrained variable profiles are reported.
II. Reference Scenario
The vehicle considered is an Apollo-like conical capsule. Figure 1 shows the general layout of the capsule. Table 1 presents the geometric and dynamic properties of the vehicle. Values are given in the Flight Mechanics Body
Reference System. Figure 2 and Figure 3 present the trajectory, which takes around 20 minutes. Figure 4 shows the trajectory ground track. 
III. Guidance and Control Design

A. Guidance Design
The analysis of the entry scenario leads to the determination of the re-entry logic presented in Figure 5 . Once the approaching maneuvers are accomplished the guidance must assure the capture into atmosphere and manage the early flight depending on the location of the target. For short-range trajectories a direct entry should be commanded, while for a long-range entry a skip is necessary, as is the case of the current reference scenario.
To implement this logic, the proposed solution is an Apollo-derived guidance approach enhanced with predictorcorrector capabilities to improve the precision of exit targeting and skip guidance. The Apollo Entry Guidance (AEG) algorithm 4 has been proven extremely reliable and very precise during the whole Apollo program.
The control variable is the bank angle, whose magnitude controls the portion of lift force in the vertical plane.
Crossrange position is controlled by reversing the lift command once the lateral range error to the target crosses a threshold. The main features of the high-speed part of the Apollo algorithm are presented in Figure 6 .
The components of the original algorithm reused in the present guidance have been adapted to the considered vehicle. Moreover, to manage modern high-speed entry requirements, AEG has been modified enhancing control capabilities during the exit and especially the ballistic phase, where an active control (a predictor-corrector scheme)
replaced the original frozen attitude command. 
Figure 5 Re-entry sub-phases and associated G&C logic
The high-speed entry guidance architecture is shown in Figure 7 , and the main characteristics can be described as follows:
• InitRoll: This corresponds to the atmospheric entry with a pre-defined attitude. This phase must assure capture into the atmosphere respecting path constraints, especially maximum affordable heat flux and load factor. • Huntest: This corresponds to an iterative procedure to determine pull out and exit conditions and to decide if a skip is necessary. The guidance is tracking a reference drag; in the meantime, the pull out and exit conditions are predicted depending on current state, and the whole trajectory is computed using simplified geometrical models. Whenever the downrange-to-target matches the predicted downrange, and if skip is necessary given the actual conditions, the current pull out, exit, and second entry parameters are assumed as the reference and this phase is ended.
• Upcontrol: If a skip is required, the predictor corrector commands the vehicle to exit the atmosphere tracking the range to go at second entry. Entry conditions are predicted with a propagation of the inertial trajectory from current conditions with constant bank angle guess. When drag drops below 0.2 g's, this phase is terminated.
• Ballistic: During the skip the predictor corrector commands the vehicle to enter the atmosphere tracking the range to go at second entry. The predictor-corrector is the very same as used in Upcontrol. When drag reaches 0.2 g's, this phase is terminated.
• Final: During this phase the bank angle is commanded such that a reference L/D value is tracked. Error in range to go, drag, and vertical velocity with respect to stored reference profiles are used as corrective terms.
• Lateral control: Here a classical bang-bang strategy is employed, with the threshold based on crossrange.
B. Control Design
The attitude control system design process is based on the cascade QFT design methodology, with rotational kinematic and dynamic inversions also employed in the cascade control structure, as is standard in the NDI control approach. Here this combined control approach is referred to as the QFT-NDI design approach, which is similar to existing approaches 7 , except that here, importantly, the moment inversion is not employed. The basis of the QFT-NDI algorithm is the QFT design method, which is employed to design robustly and tune the linear components of the control system, with the NDI based kinematics and dynamics inversions employed to reduce the effect of nonlinearities in the system response.
• QFT is an established LTI control system design methodology for uncertain systems 9 . The QFT design approach is based on the modeling of the uncertainty in the system by a set of LTI models. These are chosen to capture the full range of variation of the linearised system behaviour. Based on this set of models, the QFT design approach provides a way to design LTI controllers that adequately control the behaviour (stability and time domain response) of all elements of this set of models. This design approach is based on Nichols chart controller loopshaping, which is commonly employed for aerospace control system design.
• NDI is a model based design algorithm that aims to invert the dynamics of the vehicle to be controlled such that the closed-loop dynamics resulting from the application of the NDI algorithm are linear, and decoupled between the channels if the vehicle is multi-input and multi-output. This is achieved by cancellation and replacement of the open-loop vehicle dynamics through careful algebraic selection of the feedback function. NDI like algorithms have been previously employed on re-entry vehicles 8 .
The architecture of the QFT-NDI control algorithm for the capsule is shown in Figure 8 . The QFT-NDI design steps can be summarised as follows:
• Step1 QFT-NDI: Inversion of the rotational dynamic EoM to obtain the moment commands for the RCS actuators, MRCS, required to achieve the desired rotational accelerations commanded by the inner loop linear controller, based on the measured rotational rates p, q, r and the nominal expected moment of inertia matrix.
• Step2 QFT-NDI: Design the inner loop linear controller using the QFT methodology to robustly close the inner loop and achieve tracking of the desired rotational rates pcmd, qcmd, rcmd commanded by the slow kinematics inversion algorithm, and using the measured rotational rates p, q, r.
• Step3 QFT-NDI: Invsion the rotational kinematic EoM to obtain the desired rotational rates pcmd, qcmd, rcmd that are to be achieved by the inner control loop, using the measured wind frame angle of attack (α) and angle of sideslip (β).
• Step4 QFT-NDI: Design the outer loop linear controller using the QFT methodology to robustly close the outer feedback loop and achieve tracking of the wind frame angles αcmd, βcmd, σcmd commanded by the guidance, and using the measured wind frame angles α, β and σ.
In the above design approach, the inversion procedures in step1 and step3 correspond to standard NDI algorithm design steps and are performed using explicitly the equations of the motion of the vehicle and the nominal values that are expected for the vehicle parameters (i.e. inertia, mass, etc). Robustness of the closed-loop vehicle response to the uncertainty that exists in the behaviour of the vehicle, including the vehicle parameters, aerodynamics and the effect of changing environmental parameters, is provided through the robust design of the inner and outer loop linear controllers using the QFT design methodology. This can be achieved by calculating linear models for the partially closed-loop system, over the range of uncertainty in the parameter values, after the completion of step 1 and step 3. The QFT design methodology is then used to robustly close each feedback loop and ensure that for the full set of linear models, stability and adequate performance levels are provided. 
C. Functional Engineering Simulator
An existing Functional Engineering Simulator (FES) was customised within the study to be able to test the G&C functionalities in a realistic environment. The FES tool goal is to provide a simulation platform able to reproduce the dynamics and environment of the re-entry vehicle during endo-atmospheric re-entry scenario. The FES is prepared to plug-in the G&C components and performs simulations with respect to the selected scenario and the simulator user needs. Figure 9 shows the logical model of the FES. System components configuration, raw data saving and Monte Carlo (MC) functionalities are internally provided by the simulator and can be easily managed by the system user through the simulator database. Post-processing functions for the computation and the plot of interesting profiles for a reentry vehicle are provided.
The main features of the FES configuration for the present testing are as follows:
• Multiple phase simulation: exo-atmospheric phase and entry.
• 6 DOF and 3 DOF simulations.
• Monte Carlo simulation and analysis.
• XML database for simulator and model configuration.
• Detailed environmental models: Earth gravity model (EGM96), Earth atmospheric model (USS1976), air properties, and topography.
• Detailed aerodynamic dataset, including rarefied flow effects.
• Mass, Centring & Inertia (MCI) model included.
• Re-entry vehicle hypersonic and transonic aerodynamic data set.
• High-Fidelity RCS model, with the characteristics of the thruster reported in Table 3 .
• Ideal navigation and sensors model (perfect estimation with no delay or biases).
• Automatic post-processing of simulation outputs and generation of figures of merit.
Moreover, the guidance system operates at a clock speed of 1 Hz and the control system operates at a clock speed of 10 Hz, as dictated by the 0.1 second period for RCS modulation. Table  - 
D. Performance Assessment Analysis
Using the capabilities of the previously described simulator, a performance analysis is carried out in order to validate the G&C system under stressed conditions and uncertainties. In Table 4 are reported the dispersed parameters and the relative perturbation magnitude.
The simulations are executed end-to-end, which here refers to the assessment of the proposed G&C solution performance starting from a realistic modeling of the EIP accuracy (dispersion) and propagating these effects over the full trajectory under uncertain vehicle and environment characteristics. The main requirements for the G&C system are as detailed below. These must be assured in presence of the described dispersion and uncertainties in Table 4 .
• The qualifying accuracy performance requirements (3-σ):
o 15 km at touchdown o 2 km at parachute deployment (Mach 0.8)
• That the re-entry path constraints are respected: 
V. Performance Assessment Results
The performance assessment of the G&C system has been carried out throughout a multi-step procedure with increasing complexity added to the system. At first, the complete G&C system, with detailed RCS model, had been validated in nominal conditions. Then, the G&C system with ideal RCS had been tested under stressed conditions, as the full dispersion and uncertainties sets were inserted in the closed loop simulations. Finally, a reduced campaign has been carried out with the detailed RCS model included (the number of simulations has been reduced due to the increased of simulation time caused by to the high level of detail of the RCS model). In the following sections the results for each configuration are presented and commented.
E. Nominal Performance Assessment
The performance of the complete G&C for the considered reference scenario in nominal conditions has been tested by checking that the final requirements are achieved within reasonable dispersion respecting the path constraints.
The following results are achieved:
• The arrival dispersion at parachute deployment is well within 2 km requirement (see Figure 11) • The load factor constraint for the nominal response is respected, with a load factor maximum of about 4.4 g's.
The dynamic pressure and heat loads are both within the flight path constraints (see Figure 12 ). • The RCS is seen to operate in an unsaturated state throughout the re-entry trajectory (see Figure 15) . The performance of the complete G&C with ideal sensors and actuators (note that RCS modulation effects are removed) for the considered reference scenario in the presence of uncertainties has been tested by checking that the final requirements are achieved within reasonable dispersion respecting the path constraints for a 1000 run MC analysis.
• The arrival dispersion at parachute deployment for the 1000 shots is within 2 km, with 99% of the results within 1.6 km, as presented in Figure 17 . This result demonstrates that the G&C system can successfully steer the vehicle to the target location within the distance limits for the selected scenario.
• The 4.4 g's load factor constraint for the nominal case is respected, with a load factor maximum of about 4.1 g's, and the 5.5 g's limit for the dispersed case is also respected (see Figure 20 and Figure 21 ). The dynamic pressure constraint of 17 Pa is slightly violated but the maximum 20 Pa limit is not violated. The heat loads are both within the flight path constraints (see Figure 21 ). • The ideal RCS is seen to operate in an unsaturated state throughout the re-entry trajectory, except for two small periods where the Mz (yaw axis) moment command is seen to saturate (see Figure 23 ). This leads to small but acceptable excursions in the sideslips angle response. The performance of the complete G&C with detailed RCS model for the considered reference scenario in the presence of uncertainties has been tested by checking that the final requirements are achieved within reasonable dispersion respecting the path constraints for a 100 run MC analysis.
• The arrival dispersion at parachute deployment for the 100 shots is within 2 km with 99% of the runs within 1.8
km (see Figure 25 ). This result demonstrates that the G&C algorithm is robust to the nonlinear effects of RCS actuation.
• The 5.5 g's load factor constraint for the dispersed case is respected (see Figure 28) , with the peak load factor being about 5.3 g's (see Figure 29 ).
• The dispersion at the exit from the atmosphere is almost equivalently distributed around the reference. The velocity and flight path angle dispersion is similar to the 6DOF case without RCS (see Figure 18 and Figure   26 ), but here only 100 runs are analyzed. Therefore, a greater dispersion should be expected. This analysis is in principle confirmed by the dispersion at the second entry, that is larger compared to the case without RCS (see Figure 27) , even with only 100 shots. Moreover, the nominal shot resulted in a larger downrange at entry (4500 km w.r.t. 3700 km). This shall result in more demanding sustentation during the final entry. Anyhow Figure 25 shows that the final dispersions levels are within 1.8 km. • The aerodynamics angles follow the guidance commands closely are non-oscillatory. Small excursions in the sideslip angle up to 3.7 degrees are seen but are for a short time period, (see Figure 30 ).
• The RCS is seen to operate in an unsaturated state throughout the re-entry trajectory, except for two periods where the Mz (yaw axis) and Mx (roll axis) moment commands are seen to saturate (at the skip exit and the second re-entry, as shown by Figure 31 ). This contributes to the extrusions seen in the bank angle and sideslip angle responses. 
VI. Conclusions & Future Work
A complete G&C architecture has been implemented to guide a capsule returning from the Moon to a desired landing site throughout the atmosphere and flying a long-range skip entry trajectory. The guidance is an updated version of the original Apollo scheme, which was tuned for the current vehicle and trajectory, and upgraded to include a predictor-corrector capability to improve the performance during the pull out and exo-atmospheric phases.
The attitude control algorithm is a QFT designed algorithm, which includes kinematic and dynamic inversion features, and provides robustness performance characteristics so as to maintain the desired performance during the whole trajectory, in presence of significant parameter dispersions, nonlinearities and uncertainties.
The system has been validated and tested in a high-fidelity environment provided by a Functional Engineering
Simulator. Based on the analyses of the obtained results from the testing of the G&C algorithm the following conclusions can be stated.
• Overall results: Given the defined scenario, and in presence of significant dispersion in the estimated state at the end of the approaching trajectory (EIP), and considering uncertainties in environmental parameters, aerodynamics, and vehicle properties, the overall evaluation of the G&C algorithm is positive, and the design of the skip entry G&C architecture is considered successful.
• Effects of RCS: Considering the results of the tests with and without a detailed model of the RCS actuation, the inclusion of the detailed RCS model, including MIB and time delay effects, was not found to adversely effect the G&C algorithm performance. The G&C algorithm was shown to be robust to the nonlinear effects from RCS actuation, where despite an increase in the dispersions at the exit of the atmosphere, and especially at the second entry, the final dispersion level remains acceptable and trajectory constraints remain satisfied.
• Notes on guidance performance during second entry: the implemented Apollo strategy for guidance during the final phase has been proven successful when adapted to the given scenario, but a deeper examination of the commanded bank angle leads to a few observations.
o The bank profile during the final phase represents significant maneuvering, and the vehicle is flying in a quite different condition than a more desirable smooth, almost-constant bank entry.
o At the end of the trajectory the guidance commands lift down to break sustentation despite commanding previously lift up.
For the previous reasons, it is possible that the strategy of following a reference L/D configuration during the final phase is not the best one in terms of stresses on the guidance system, that seems to elaborate conflictive commands. In a next phase of the study, further analyses replacing the final guidance with a classical optimized drag-reference tracking method are recommended.
Moreover, to further assess the performance of the system it would be necessary to include Navigation and Sensing models in the simulation environment. Implementation of a Navigation (performance) model based on modern standards of Hybrid Navigation would permit to test the G&C solution in the most advanced and realistic scenario of future Lunar return missions. Finally, environmental disturbances, such as turbulence and winds, should also be taken into account in the next phase of the work to further elevate the confidence level of the obtained results.
